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Chapter 8
Symmetry-Directed Design of Protein Cages 
and Protein Lattices and Their Applications

Aaron Sciore and E. Neil G. Marsh

Abstract The assembly of individual protein subunits into large-scale structures is 
important in many biological contexts. Proteins may assemble into geometrical 
cages or extended lattices that are characterized by a high degree of symmetry; 
examples include viral capsids and bacterial S-layers. The precisely defined higher 
order structure exhibited by these assemblies has inspired efforts to design such 
structures de novo by applying the principles of symmetry evident in natural protein 
assemblies. Here we discuss progress towards this goal and also examples of natural 
protein cages and lattices that have been engineered to repurpose them towards a 
diverse range of applications in materials science and nano-medicine.

Keywords Protein assembly • Protein cages • Protein lattices • Computational pro-
tein design • Symmetry • Synthetic biology • Biomaterials • Nanomedicine

8.1  Introduction

In recent years our understanding of protein-protein interactions has blossomed, 
driven by advances in techniques such as native mass spectrometry, x-ray crystal-
lography, electron microscopy, and computational modeling. The assembly of pro-
teins into highly ordered, large-scale oligomeric structures has been found to play 
an important role in an increasing number of biological phenomena. At the same 
time our understanding of the principles by which proteins oligomerize has advanced 
to the point that it is now possible to rationally design such structures (Jha et al. 
2010; Huang et al. 2007). This is an exciting development, as it paves the way for 
the design of protein-based nanomaterials that assemble in a highly ordered manner. 
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Such materials are very attractive for industrial and medicinal applications as they 
are biocompatible, retain their biological function and may exhibit new properties 
that emerge as a consequence of their higher order structure.

This chapter is focused on applying the principles of symmetry, exhibited in 
naturally occurring protein assemblies, to the design of new protein-based nanoma-
terials. Initially, we briefly review some examples of naturally formed symmetric 
protein assemblies, primarily to illustrate how their oligomeric structures relate to 
their biological functions. Next we discuss various approaches that have been taken 
to repurpose protein assemblies for therapeutic and materials science applications. 
In the last part of the chapter we will describe the basic theory underlying approaches 
to designing symmetrical protein assemblies, followed by a fairly comprehensive 
survey of the methods that have been used to create de novo designed protein 
assemblies.

8.2  Natural Protein Assemblies

The self-association of protein subunits is a ubiquitous feature of biology. It is 
essential to functions as diverse as catalysis and regulation of enzymes, cell signal-
ing, cytoskeleton maintenance and cell motility, sequestering of metabolic path-
ways, iron storage and packaging of nucleic acids by viruses. Proteins generally 
self-associate through complementary and highly specific hydrophobic interfaces 
on their surfaces. Except for the case of a symmetrical dimer, each protein subunit 
will have two (or more) self-association interfaces. The precise orientation of these 
interfaces relative to each other defines whether the protein will self-assemble into 
either an extended structure, represented by one-dimensional fibers and two- and 
three-dimensional lattices, or a discrete structure, in which the subunits form either 
rings or a highly symmetrical 3-dimensional assembly, generally referred to as a 
‘protein cage’. In all of these cases the structures can be mathematically described 
by a combination of rotational and translational symmetry operations that map one 
subunit on to any of the others.

Naturally occurring one-dimensional protein fibers include the well-studied pro-
teins actin and tubulin, which play vital structural roles in the cell. Actin (Fig. 8.1a) 
is one of the most common fiber-forming proteins, and is found in high abundance 
in nearly all eukaryotic cells, where it is the principle component of the cytoskeleton 
(Dominguez and Holmes 2011). The dynamic polymerization and de- polymerization 
of actin underpins important mechanical properties in the cell such as motility, and 
elongation during cell division. The cylindrical fibers formed by tubulin are the 
principle component of the microtubules that form the mitotic spindles responsible 
for the separation of chromosomes during mitosis. This protein also undergoes 
dynamic polymerization and de-polymerization (Abal et al. 2003). Inhibition of this 
process by taxanes forms the basis for these drugs’ potent anti-cancer activity. 
Taxane-capped microtubules are unable to depolymerize, effectively inhibiting 
mitosis without causing immediate cell death.
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Two-dimensional protein lattices are probably the least well-known and studied 
class of protein assemblies. They are found primarily in bacteria and archaea, where 
they form porous surface layers, or S-layers (Fig. 8.1b) that adhere to the outer layer 
of the cell wall and can comprise up to 20% of an organism’s total protein content 
(Sára and Sleytr 2000). S-layers comprise multiple copies of one or a few glycopro-
teins, which can be made to self-assemble in vitro into lattices, rods, or spheres 
(Sleytr and Beveridge 1999). Each species has one or more unique S-layer proteins 
that form pores with sizes ranging from 2–8 nm. Different S-layers are character-
ized by different symmetries – so far S-layers have been identified with oblique (P1 
and P2), square (P4), and hexagonal (P3 and P6) symmetries. These proteins are 
thought to play a role in such critical cellular functions such as cell adhesion, molec-
ular sieving, and binding of toxic cations. Several species of bacteria have been 
found to synthesize different S-layer proteins in response to environmental stress, 
suggesting that S-layers may play a role in cellular adaptation as well (Sara et al. 
1994).

Three-dimensional protein cages are characterized by a high degree of symmetry 
and are widely distributed in Nature. These play important roles in the storage of 
nucleic acids and iron, in protein folding and in confining reactive intermediates in 

Fig. 8.1 Natural protein cages. (a) Cryo-EM reconstruction of fibrous actin (Adapted with per-
mission from Oda et al. 2009, © Macmillan Publishers Ltd) (b) Crystal structure of an S-layer 
protein lattice with P4 symmetry (Adapted with permission from Baranova et al. © Macmillan 
Publishers Ltd, 2012) (c) Crystal structure of octahedral bacterioferritin (PDB ID 3GVY) (d) 
Crystal structure of icosahedral rhinovirus capsid (PDB ID 4RHV) (e) View along the sevenfold 
axis of the crystal structure of GroEL (PDB ID 1GRL) (f) Cartoon of an assembled bacterial 
microcompartment consisting of hexameric (blue) and pentameric (purple) subunits (Adapted with 
permission from Yeates et al. 2011 © Elsevier)
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metabolism. A key feature of protein cages is their ability to create a unique micro-
environment within the cage interior that determines the cage’s function. A good 
example is the iron storage protein ferritin (Theil 1987). This octahedral, 24-subunit 
protein cage is highly conserved and found in almost all organisms (Fig. 8.1c). The 
interior surface of the ferritin cage contains a large number of negatively charged 
residues. These bind ferrous iron atoms and catalyze their oxidation to the ferric 
form and thence to ferric oxide, which in turn serves as a nucleation site for other 
iron atoms. Additional nucleation of iron continues until the interior of the ferritin 
protein cage is completely filled with as many as 4500 iron atoms. This allows the 
cell to store iron, a biologically scarce element, in a highly efficient manner com-
pared to a protein with discrete iron binding sites.

Many viruses encapsulate their DNA or RNA in an icosahedral protein capsid 
that is built from multiples of 60 protein subunits (Fig. 8.1d). In contrast to ferritin, 
the interior-facing residues of capsid subunits are positively-charged, thereby neu-
tralizing the negatively charged nucleic acids and allowing them to be efficiently 
packaged within the capsid. Viral capsids also nicely illustrate another feature of 
protein cages – highly cooperative assembly of the subunits. Whereas binding inter-
actions between individual subunits are usually much weaker than most protein- 
protein interactions, dissociating a single subunit from an assembled capsid requires 
significantly more energy (Singh and Zlotnick 2003). This cooperative binding 
effect imbues the capsid with a high degree of stability and protects the capsid pro-
teins and enclosed nucleotides against environmental degradation (Ross et al. 2006).

Chaperonins, also known as heat shock proteins, illustrate the use of protein 
cages to create unique reaction environments, in this case to facilitate refolding of 
misfolded proteins (Vabulas et al. 2010). Most chaperonins form protein complexes 
with various symmetries including one of the only known tetrahedral protein com-
plexes, but all with hydrophobic patches in the interior microenvironment that facil-
itates the refolding or degradation of misfolded proteins. The GroEL/GroES system 
is the best studied chaperonin, GroEL forms a barrel-shaped 14-subunit protein 
cage with a 4.5 nm wide hydrophobic interior channel (Fig. 8.1e), with heptameric 
GroES serving as a ‘lid’ for the barrel. Misfolded proteins bind to the hydrophobic 
interior of the barrel, followed by an ATP-driven conformational change in the 
GroEL subunits, which results in the interior surface becoming significantly more 
polar and pulling the misfolded protein apart. The unfolded protein then has the 
opportunity to refold correctly in the sequestered environment provided by the pro-
tein cage (Landry and Gierasch 1991).

Bacterial microcompartments (BMCs) provide another good example of a pro-
tein cage designed to facilitate biological reactions. BMCs comprise hexameric 
shell proteins that form a honeycomb-shaped lattice, interspersed with a small num-
ber of pentameric shell proteins that introduce kinks into the lattice (Yeates et al. 
2008). The combination of hexamers and pentamers yields large (40–200 nm in 
diameter) pseudo-icosahedral protein complexes (Fig. 8.1f) capable of co- 
encapsulating multiple enzymes in a metabolic pathway to increase the efficiency of 
catalysis. The best-studied BMC is the carboxysome, found in photosynthetic cya-
nobacteria, which co-encapsulates carbonic anhydrase and RuBisCo. Carbonic 
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anhydrase produces CO2 from bicarbonate, which is quickly reacted with ribulose 
bisphosphate by RuBisCo as part of the Calvin cycle. Delocalizing carbonic anhy-
drase to the cytosol results in significant loss of RuBisCo efficiency (Price and 
Badger 1989), indicating that the carboxysome plays an important role in the effi-
cient fixation of CO2 by cyanobacteria.

8.3  Applications of Natural Protein Assemblies

8.3.1  Functionalization of Protein Cages

Naturally-occurring protein assemblies have been adapted for use in a diverse range 
of materials science and nano-medicine applications. The simplest functionalization 
of a protein assembly involves modifying the assembly to perform tasks similar to 
its cellular function. The natural ability of ferritin to biomineralize iron salts to form 
iron oxide nanoparticles of a defined size has been exploited to synthesize a wide 
variety of nanoparticles including silver, platinum, palladium, cobalt oxide, and 
cadmium sulfide (Flenniken et al. 2009). In the presence of a small peptide fragment 
a ferromagnetic nanoparticle of CoPt could also be synthesized (Klem et al. 2005). 
Biomineralization functionality could also be engineered into heat shock proteins 
(McMillan et al. 2005; Ishii et al. 2003) and viral capsids (Brumfield et al. 2004) by 
mutating the hydrophobic or cationic interior of these proteins to metal-binding or 
anionic residues. This allowed highly mono-disperse iron oxide nanoparticles to be 
synthesized with sizes determined by the interior diameter of these protein cages. 
These protein cage-derived iron-oxide nanoparticles could then be used as a nucle-
ation site for the synthesis of single-walled carbon nanotubes, with the diameter of 
these nanotubes being proportional to the size of the seed iron oxide particle 
(Kramer et al. 2005).

Precisely sized nanoparticles, in particular iron and cobalt oxide, are of consider-
able interest in nanoelectronics research (Jutz et al. 2015). A single layer of protein 
cages containing nanoparticles can be deposited onto a pre-coated surface in a tight, 
hexagonal packing pattern, with a packing density close to theoretical values 
(Atsushi et al. 2006). In what is known as the bio-nano process, silicon wafers or 
other substrates are precisely patterned with hydrophobic or hydrophilic coatings, 
with nanoparticle-containing ferritin localizing only on the hydrophilic film. This is 
then exposed to heat, burning away the ferritin to leave only the iron oxide nanopar-
ticle, which is then reduced to yield a precisely-patterned array of metallic iron 
spheres (Takuro et al. 2007). This has been used to generate semiconducting logic 
devices on the nano scale such as thin film transistor flash memory and floating 
nanodot gate memory devices (Kazunori et al. 2007). Parameters of the bio-nano 
process can be controlled with superior precision than existing nanoelectronics 
technology (Kiyohito et al. 2007) although this technology has not yet found a com-
mercial application.
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The microenvironment of the protein cage interior presents an attractive target 
for entrapping catalytic species, thereby creating a nano-scale bioreactor (Bode 
et al. 2011). Palladium nanoparticles formed on the interior of ferritin have been 
shown to catalyze the hydrogenation of olefins (Ueno et al. 2004). The kinetics of 
this reaction could be controlled by varying the size of the olefin substrate, indicat-
ing that this reaction is limited by diffusion of the olefin through the pores of ferri-
tin. Similarly a rhodium (II) complex bound to the interior of ferritin was used to 
catalyze the polymerization of phenylacetylene (Abe et  al. 2009). The resulting 
polymer, encapsulated within the ferritin cage, had a remarkably narrow size distri-
bution. This level of precision in polymerization control may open up new avenues 
of research into designed smart materials.

The hollow interior of a protein cage has also sparked interest for entrapment and 
immobilization of enzymes, fashioning a bioreactor similar to the carboxysome. 
Protein cages can be assembled around enzymes in solution, trapping them, and 
these enzymes retain their catalytic activity (Comellas-Aragones et al. 2007). Using 
one of the larger viral capsid shells, multiple enzymes in a metabolic pathway were 
co-localized, but this had negligible effect on turnover rates (Patterson et al. 2014a), 
and there are indications that the catalytic activity is actually reduced due to crowd-
ing effects when a large number of enzymes are encapsulated in each protein cage 
(Minten et al. 2011).

Protein cages also hold promise for biomedical applications. Viral capsids, i.e. 
protein cages lacking the viral genome, are a particularly attractive target for thera-
peutic delivery systems, as the viral capsid has evolved to cross the cell membrane 
and deliver its payload. The sizeable interior cavity of a viral capsid has been 
adapted to encapsulate drug molecules and imaging agents, and can also accom-
modate plasmids as large as 17.6 kbp, thereby protecting them from nucleases 
(Kimchi-Sarfaty et al. 2003; Štokrová et al. 1999). An exotoxin-encoding plasmid 
encapsulated in a viral capsid was delivered in this way to tumor cells, resulting in 
a reduction of the size of the tumor in vivo (Kimchi-Sarfaty et al. 2006). Likewise, 
small molecules that are encapsulated in the capsid interior or covalently bound to 
the protein cage can be delivered to the cells with greater efficiency than unmodified 
small molecules (Aljabali et al. 2013), and can be released over an extended period 
of time (Flenniken et al. 2005).

Using protein cages as a delivery vehicle for therapeutics still has the drawback 
that their toxic payload is delivered indiscriminately. Therefore significant research 
has gone into decorating the capsid exterior with targeting ligands that localize the 
therapeutic protein cage to the cell type of interest. Drugs can be selectively targeted 
to specific cell types by decorating viral capsids with either small molecules (Zhao 
et al. 2011; Banerjee et al. 2010) or large biomolecules (Huang et al. 2011; Lockney 
et al. 2011) that bind receptors that are overexpressed by many cancer cell types. For 
example, by engineering appropriate receptor-targeting sequences onto the exterior 
of the capsid, therapeutic molecules could selectively target Jurkat leukemia T cells 
(Stephanopoulos et al. 2010) or human hepatocellular carcinoma cells (Ashley et al. 
2011). In both cases, the protein cages delivered their cytotoxic payload exclusively 
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to the targeted cells, inducing cell death in the majority of those cancer cells without 
affecting any of the control cells.

Protein cages also hold promise for therapeutic imaging in vivo by encapsulating 
positron emission tomography (PET) imaging agents or magnetic resonance imag-
ing (MRI) contrast agents (Cormode et al. 2010). The common PET imaging agent 
18F was bioconjugated to viral capsids (Hooker et al. 2008) and the location of these 
capsids could be dynamically imaged in vivo (Flexman et  al. 2008). Iron oxide 
nanoparticles, a simple and effective MRI contrast agent, could be inserted into the 
hollow cavity of ferritin (Uchida et al. 2008) or viral capsids (Ghosh et al. 2012) 
with similar results. Notably, incorporation of Gd3+ into the calcium-binding sites of 
the cowpea chlorotic mosaic virus led to a species with the highest relaxivity values 
measured to date, potentially leading to new applications with low-dose MRI con-
trast agents (Allen et al. 2005).

Viral capsids have a tendency to elicit strong immunogenic responses due to the 
display of multiple epitopes on the capsid surface (Kaiser et al. 2007). Whereas this 
is a disadvantage for many applications, it has attracted significant interest in the 
field of vaccine development. Recombinantly-produced viral capsids induce a 
strong immune response while offering a safe alternative to the use of attenuated or 
killed virus particles as they contain no genetic information from the virus; the 
major concern being that this immunogenicity must be modulated to avoid an 
adverse immune response (Rebeaud and Bachmann 2012; Jennings and Bachmann 
2009). They also obviate the use of toxic adjuvants such as aluminium that are 
needed to boost immune response when low-copy epitopes are used as vaccines 
(Kawano et al. 2013). Currently over a dozen capsid-based vaccines are approved 
for clinical trials or clinical use, targeting Influenza, Hepatitis A & B, HPV, and oth-
ers (Teunissen et al. 2013; Donaldson et al. 2015). Most interestingly, viral capsids 
have shown promise as vectors for therapeutic vaccinations against non-viral dis-
eases, such as Alzheimer’s disease (Wiessner et  al. 2011), cancer (Garcia 2011; 
Speiser et al. 2010), arthritis (Spohn et al. 2008), and nicotine addiction (Maurer 
et al. 2005).

8.3.2  Functionalization of S-Layer proteins

Bacterial S-layer proteins have also been explored for functionalization, although 
the extended geometry results in different capabilities. Like protein cages, assem-
bled S-layers have interfacial pores, which can be modified to biomineralize a broad 
range of metal ions (Mertig et al. 1999; Shenton et al. 1997). However, unlike pro-
tein cages, S-layers lack a defined interior or exterior, instead surface residues can 
be categorized based on which face of the assembled S-layer it resides. One face of 
the S-layer is strongly cytophilic due to the presence of several homologous 
4- residue long sequences which bind to cell wall-associated peptidoglycans, while 
the other face of the S-layer is strongly cytophobic (Engelhardt and Peters 1998).
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For one of the best-studied S-layer proteins, SbpA from Lysinibacillus sphaeri-
cus, it was discovered that the orientation of the faces was dependent on the pH of 
the solution during deposition: basic or neutral solutions induce SbpA to crystallize 
with the cytophobic face exposed, whereas acidic solutions induce crystallization 
with the cytophilic face exposed (Rothbauer et al. 2013). This property was used to 
design antifouling (cytophobic) ultrafiltration membranes (Weigert and Sára 1996). 
Co-immobilizing proteins such as glucose oxidase (Picher et al. 2013) or a prostate- 
specific antigen (PSA) antibody (Pleschberger et al. 2004) to the cytophobic face of 
the S-layer allowed metabolites such as glucose and prostate-specific antigen to be 
accurately detected. This method gave significantly lower rates of false positives 
due to nonspecific cell adhesion than standard methods such as adhesion to gold 
nanoparticles. Ligands that bind specific cell types have also been attached to the 
cytophobic face of an S-layer, and by controlling the deposition of several orthogo-
nally mutated S-layers, co-cultures of different cell types could be obtained in a 
spatially defined manner (Rothbauer et al. 2015).

S-layers can also be functionalized for therapeutic aims, although they have been 
utilized much less extensively than protein cages. Due to their repetitive structure, 
S-layers induce a heightened immune response, but are generally regarded as less 
effective than other methods of epitope presentation (Ilk et al. 2011). However, puri-
fied S-layers can be used to inoculate against the species of bacteria that produces 
the S-layer. This approach was used to generate an effective vaccine against six 
virulent isolates of the fish pathogen Aeromonas hydrophila, which was otherwise 
very difficult to vaccinate against due to the wide variation between isolated strains 
(Poobalane et al. 2010).

Bacterial S-layers have also been explored for drug delivery applications. The 
cytophilic face of SbpA was found to bind to the outer layer of liposomes, encasing 
them as it would a cell wall (Ucisik et al. 2015). This dramatically increased the 
shelf life of liposome-based therapeutics by reducing the rate that the drug mole-
cules diffused through the liposome, a common limitation of liposome-based thera-
pies (Raza et al. 2013). The S-layers on encased liposomes are functionalizable – by 
genetically fusing an eGFP sequence to the terminus of an S-layer, individual lipo-
somes could be observed as they diffused through the cell membrane (Ilk et  al. 
2004). 

8.4  Design of de novo Protein Assemblies

Functionalizing natural protein assemblies represents one approach to developing 
new bio-inspired materials; unfortunately there are a relatively small number of 
well-characterized natural assemblies amenable to modification. An alternative 
approach that has gained popularity in recent years is to design protein assemblies 
de novo from multiple copies of smaller symmetric building blocks. The primary 
advantage of this approach is customizability: depending upon the choice of protein 
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building block and the manner in which the blocks are assembled, one can introduce 
a wide range of functionality into the assembly, control the interior cavity size and 
potentially make its assembly responsive to environmental conditions or specific 
ligands.

8.4.1  Conceptual Approaches to Protein Assembly

The basic requirements for assembling a protein into a geometrically well-defined 
structure are deceptively simple: one must have two rotationally symmetric protein 
domains connected at the proper dihedral angle (Fig. 8.2a) (Yeates and Padilla 
2002). For simplicity, we will only discuss the assembly of protein cages, but the 
principles described below apply to the design of extended protein assemblies as 
well.

Protein cages formed by connecting two symmetric protein domains can be 
found in four distinct point symmetries: tetrahedral (T or 332), octahedral (O or 
432), icosahedral (I or 532), and prism (Dn). For the first three of these symmetries, 
any two of the three symmetry operators may be combined at the proper angle to 
yield a protein assembly with that symmetry. Thus, an icosahedral cage can, in prin-
ciple, be formed from a subunit possessing domains that oligomerize with the fol-
lowing rotational symmetries: a threefold and a twofold oligomerization domain, a 
fivefold and a threefold domain, or a fivefold and a twofold domain, although the 
requisite dihedral angle between the two symmetry axes differs for each of these 
three “symmetry pairs”. The binary permutations of symmetry pairs that can be 
used to assemble protein cages with tetrahedral, octahedral and icosahedral geom-
etries are illustrated in Fig. 8.2b. In addition, any symmetry pair with a twofold 
symmetry element also has the potential to form a prism. GroEL, a 14-subunit pro-
tein cage formed from a sevenfold and a twofold symmetry pair, serves as an excel-
lent example of this symmetry.

Although it is relatively easy to genetically fuse two protein domains that oligo-
merize with the desired symmetry to each other, it is the alignment of their respec-
tive symmetry axes that has posed the greatest challenge to the successful design of 
protein cages. This is because protein structures are both inherently asymmetric and 
flexible. Designing in the correct dihedral angle between two symmetry sites is dif-
ficult and requires a high level of precision, as a rigid, but improperly oriented 
dihedral angle will lead to aggregation. The alternative, allowing the dihedral angle 
to remain flexible, can lead to a wide variety of possible assemblies with irregular 
geometries, although the range of structures can be restricted, as discussed below.

For flexible self-assembling systems, in which the dihedral angle between sym-
metry elements is completely unconstrained, the only constraint is that there must 
be no unpaired symmetry elements. This means that the set of stable, discrete pro-
tein assemblies, in principle, contains almost all of the assemblies with a subunit 
number that is a multiple of the least common denominator of the two symmetry 
elements. Thus, a trimer-dimer symmetry pair forms assemblies with multiples of 6 
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Fig. 8.2 Assembly of designed fusion protein assemblies (a) Rigidly linking a dimeric protein 
(green) with a trimeric protein (red) will result in different assemblies depending on the dihedral 
angle imparted by the rigid linker (blue) (Adapted from Padilla et al. 2001) (b) Six different symmetry 
pairs of fusion proteins connected at a proper dihedral angle are expected to result in the assembly 
of closed Euclidean solids

subunits (or 2 trimers), a trimer-trimer symmetry pair forms assemblies with multiples 
of 3 subunits (one trimer), and a trimer-tetramer symmetry pair forms assemblies 
with multiples of 12 subunits (4 trimers) (Fig. 8.3).

The specific complexes that can be formed for each symmetry pair is dependent 
on the range of allowed dihedral angles imparted by the flexibility in the system. For 
example, one of the possible 16-trimer assemblies formed from a subunit with a 
trimer-tetramer symmetry pair is arranged like an icosahedron but missing four 
nonadjacent trimers. If the range of allowed dihedral angles for the subunit of this 
trimer- tetramer system was restricted to one close to an icosahedron, this 16-mer 
pseudo-icosahedral species would be favored; whereas the ring-shaped 16-mer of 
trimers requires a much wider range of dihedral angles to form. While ostensibly, 
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the analysis above implies that a flexibly-linked symmetry pair naturally makes an 
infinite assortment of complexes, in reality smaller assemblies are entropically 
favored (Boyle et al. 2012). Thus the assembly of the octahedron from a flexibly- 
linked trimer-tetramer symmetry pair is favored over either of the 16-trimer struc-
tures shown in Fig. 8.3.

8.4.2  Extended Assemblies – Designed Fibers and Lattices

The simplest de novo designed protein assemblies are one-dimensional protein fiber 
strands. These only require an asymmetric unit with two different self-associating 
dimeric interfaces. Since many natural proteins exist as dimers, it is relatively sim-
ple to design a fiber-forming asymmetric unit, with the earliest designs dating from 
the mid-1990s (Zhang et al. 1993; Woolfson 2010). This is because dimer-dimer 

Fig. 8.3 Examples of possible assemblies that can be formed from fusion proteins with different 
symmetry pairs. Blue triangles represent a trimeric building block protein, fused with a second 
symmetric protein, represented as green dots at either the edges (dimeric symmetry domain) or 
vertices (trimeric or tetrameric symmetry domains) of the blue triangles. The assembled structures 
may be porous and/or require differing dihedral angles to form, but have the correct oligomeriza-
tion state at every point of attachment and contain no unpaired symmetry elements
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symmetry pairs can still assemble into fibers even if the two dimeric domains aren’t 
precisely oriented opposite to each other. In the general case, these assemblies form 
helical structures at the micro level, but still results in the formation of a fibrous 
macrostructure. These fibers can form networks that give rise to interesting solution- 
phase properties, such as hydrogelation (Rajagopal et al. 2009; Dong et al. 2008) 
and antibacterial activity (Salick et al. 2007; Ghadiri et al. 1993), and have been 
investigated as substrates for cell adhesion and growth (Haines-Butterick et  al. 
2007; Villard et al. 2006).

The formation of fibers requires a degree of rigidity between the oligomerization 
domains, otherwise the ends of the fiber will close on each other to form rings. This 
is illustrated clearly by a designed, rigid filament-forming fusion protein that was 
modified by adding a flexible linker between its two dimerization domains (Boyle 
et al. 2012). The protein assembly retained its filamentous structure after 2 or 4 flex-
ible residues were added, but with the addition of a 6-residue linker the protein 
assembled into a tetramer-of-dimers, while an 8-residue linker yielded a trimer-of- 
dimers, and 10 residues led to a mixture of trimers-of-dimers and dimers-of-dimers 
(Fig. 8.4).

The fusion protein approach has also been used to design two-dimensional lat-
tices; this is a harder problem due to the extra spatial dimension that must be aligned. 
In an early study a cysteine residue was introduced at each edge of a fourfold sym-
metric aldolase protein, allowing it to be tagged with biotin (Ringler and Schulz 
2003). The dimeric, biotin-binding protein streptavidin was then mixed with the 
modified aldolase, resulting in a square lattice-like assembly. However, the lattice 
could only be propagated for a few repeating units before becoming disordered. A 
later study that examined the assembly of five different tetrameric proteins when 
fused to a streptavidin tag found that two of these five could be assembled into lat-
tices that maintained order over a large number of subunit repeats (Fig. 8.5) (Sinclair 

Fig. 8.4 A designed fusion protein with a flexibly-linked dimer-dimer symmetry pair assembles 
into filaments when this linker is short (top) but with longer linkers assembles into discrete oligo-
mers whose size is inversely proportional to the length of the flexible linker (bottom) (Reprinted 
with permission from Boyle et al. 2012 © American Chemical Society)
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et al. 2011). For one protein lattice, assembly was found to be dependent on the 
linker length;: a linker of less than two residues resulted in nonspecific aggregation, 
but a two or three residue linker formed long-range lattices.

In a different approach, a two-component system based on de novo designed 
coiled-coils was constructed by linking a homo-trimeric coiled-coil to one of two 
heterodimer-forming α-helices through a disulfide bond (Fletcher et al. 2013). The 
locations of the two cysteine residues were chosen to orient the two oligomerization 
domains back-to-back, such that the resulting lattice would form a two dimensional 
honeycomb pattern as illustrated in Fig. 8.6. Instead, due to the slight inherent 
flexibility of proteins, these fusion proteins formed hollow spherical assemblies 
approximately 100 nm in diameter, similar in kind to bacterial microcompartments 
(Fletcher et  al. 2013). Interestingly, a mutation of Asn to Ile introduced at the 
heterodimeric interface that increased the binding affinity of the heterodimeric 
coiled- coil resulted in particles forming with a 33% smaller diameter. This illustrates 
the interplay between thermodynamic forces in protein assembly – strengthening 
the coiled-coil interaction allows the proto-particle to overcome larger steric stresses 
associated with increasing the curvature of the honeycomb lattice and thus forms 
smaller particles.

Advances in computational methods have allowed more precisely designed 
protein lattices to be constructed. Lanci et al. generated a protein crystal with the 
rarely- observed space group P6 by computationally designing a self-dimerizing 
interface into the outwardly-facing side-chains in a homo-trimeric coiled-coil 
(Fig. 8.7) (Lanci et al. 2012). A different hexagonal lattice was designed from a 
hexameric building block protein (Fig. 8.8) (Matthaei et al. 2015). After computa-
tionally aligning hexamers into the desired lattice, the inter-terminus distance was 
measured between subunits of adjacent hexagons. Using this as a guide, a linker was 
designed that was long enough to bridge between adjacent hexagons, but too short 
for both subunits of the fusion protein to fit into the same hexagon.

Fig. 8.5 A de novo designed square lattice (a) Designed lattice assembled by connecting a four-
fold and a twofold-symmetric protein (b) TEM image of the assembled lattice (Adapted with 
permission from Sinclair et al. 2011, © Macmillan Publishers Ltd)
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The Tezcan group has focused on the design of split metal-binding sites to medi-
ate protein assembly. Each protein subunit supplies half of the ligands to the metal, 
typically Zn2+, which bridges between the two subunits (Brodin et  al. 2012). 
Computational design was used to position two Zn-mediated dimerization domains 
orthogonally to each other, with one domain having a significantly higher affinity 
than the second. Addition of one equivalent of Zn2+ resulted in dimerization in solu-
tion, as predicted, but the crystal structure of the dimeric complex revealed that 
there was a third, weak oligomerization site that connected two neighboring dimers 
together, such that they formed a zigzag-shaped chain (Fig. 8.9a). After a second 
equivalent of Zn2+ was added, dimerization occurred at the low-affinity site and the 
protein assembled into a 2-dimensional lattice. Interestingly, adding a large excess 

Fig. 8.6 Assembly of bacterial microcompartment-sized spheres from a flexible lattice-forming 
protein. (a) Design scheme: A homo-trimeric coiled-coil (green) was attached to one of two halves 
of a heterodimeric coiled-coil (red & blue), which combine to make a hexagonal lattice. (b, c) 
SEM images of the assembled superstructure with a weakly-associating (b) or a strongly- 
associating (c) heterodimer. (d) Side view of the molecular dynamics simulation of the potential 
curvature across 19 tessellated hexagons (Figure reproduced with permission from Fletcher et al. 
2013, © American Academy for the Advancement of Science)
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of Zn2+ (>100 equivalents) or increasing the pH from 5.5 to 8.5 caused the formation 
of nanotubes (Fig. 8.10b). Most likely this was due to the increased binding affinity 
driving the assembly of smaller structures over the effects of steric hindrance, as 
discussed previously. Introduction of a cysteine residue at a position orthogonal to 
the two-dimensional lattice allowed these lattices to be further assembled into three- 
dimensional microcrystalline arrays using a dimaleimide cross-linker.

Interestingly, lattices have even been designed by using a natural protein cage as 
the building block. Yang et al. used ferritin as a building block to generate a square 
lattice, linking two adjacent ferritin nanoparticles together with a strand of poly(L)
lysine, which was long enough to bind to the anionic interiors of two adjacent fer-
ritin cages and bridge the gap between them (Fig. 8.10) (Yang et  al. 2014). To 
accomplish this, the ferritin building blocks had the C-terminal α-helix removed, 
which widened the pore at the fourfold axis and allowed the poly(L)lysine connect-
ing chain to pass into the cage interior. This ensured that the ferritin nanoparticles 
were aligned solely along their fourfold symmetry axes.

Fig. 8.7 Trimer-dimer 
system designed to form a 
protein crystal with the P6 
space group. 
Computational model (left) 
matches well with the 
cryo-EM reconstruction 
(right) (Figure adapted 
from Lanci et al. 2012)

Fig. 8.8 Computational design of a flexibly-linked lattice. (a) Design scheme: The flexible linker 
must be long enough to connect two protein subunits on adjacent hexagons but not long enough to 
connect two protein subunits on the same hexagon. (b) The designed fusion protein comprising 
two subunits connected by a six glycine linker. (c) The predicted hexagonal lattice structure. Six 
fusion proteins comprising a single hexagon are colored separately. (d) TEM image of the assem-
bled lattice (Figure adapted from Matthaei et al. 2015 © American Chemical Society)
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Fig. 8.9 Design of a lattice with multiple orthogonal Zn-mediated binding sites. (a) Crystal struc-
ture of the assembly after one equivalent of Zn was added. Instead of forming a homodimer as 
expected, 1-D arrays were generated due to weak dimer-dimer interactions. (b) The formation of 
different macrostructures is dependent on the ratio of excess Zn to protein (Adapted with permis-
sion from Brodin et al. 2012, © Macmillan Publishers Ltd)

Fig. 8.10 A ferritin-based square lattice. TEM image depicts ferritin protein cages assembled into 
a square lattice by way of a poly(L)lysine linker (Reproduced from Yang et al. 2014 with permis-
sion of The Royal Society of Chemistry)
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8.4.3  Discrete Assemblies – Designed Protein Cages

In a pioneering study in 2001, Padilla et al. reported the design of a tetrahedral pro-
tein cage by linking a trimeric protein domain to a dimeric protein domain, through 
a rigid alpha helical linker sequence (Padilla et  al. 2001). The linking α-helix 
extended between the C-terminal α-helix of the trimeric domain and the N-terminal 
α-helix of the dimeric domain, thereby maintaining a rigid connection. This allowed 
the dihedral angle between the two symmetric domains to be modified in a step- 
wise manner by adding or removing residues in the linking segment, with each 
additional residue twisting the dihedral angle by 100°. For the two symmetric pro-
tein domains used, a nine-residue α-helical linker was predicted to be close enough 
to orient the dihedral angle for tetrahedron formation. The resulting protein cages 
appeared tetrahedral when imaged by electron microscopy and had a molecular 
weight corresponding approximately 12 subunits, as judged by analytical ultracen-
trifugation. A later simulation of this assembly revealed that two residues from one 
domain interfered with the intended helix alignment (Lai et al. 2012). When these 
were mutated to helix-promoting residues the resulting assembly was significantly 
more homogeneous, and a crystal structure could be obtained. The crystal structure 
revealed significant torsion between the two oligomerization domains and a devia-
tion of 8 Å from perfect tetrahedral geometry. Nevertheless the design assembled 
primarily as intended, unintentionally illustrating the benefits of retaining some 
flexibility in designing protein complexes (Fig. 8.11).

A variation of this design involved shortening the rigid α-helical linker from 9 to 
4 residues, which aligned the dihedral angle between the trimeric and the dimeric 
protein domain to approximately 35°, the angle required for formation of a cubic 
structure (Lai et al. 2014). After optimization of this 4-residue linker region, the 
fusion protein assembled into 24-subunit cubes (40% of all assemblies), but also into 
18-subunit trigonal bipyramids (50%) and 12-subunit tetrahedrons (10%) (Fig. 8.12). 

Fig. 8.11 Crystal structure of a de novo designed tetrahedral protein cage. While the designed 
subunits had a rigid α-helix connecting the trimeric and the dimeric domains, the crystal structure 
(right) shows considerable torsion between domains (Adapted with permission from Lai et al. © 
Lai et al. 2012 MacMillan Publishing Ltd)
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This polymorphism appears to be a result of the innate flexibility of proteins as 
well as the tendency for tightly-associated super-symmetric protein subunits to 
favor smaller assemblies over larger ones, as discussed above. Despite this 
polymorphism, it was possible to obtain a single crystal of the assembled complex 
from a carefully purified sample that grew from the crystallization buffer after six 
months. The x-ray structure revealed that it formed a highly porous cubic structure 
that closely matched the intended design.

In a different approach, Patterson and coworkers designed two complementary 
building blocks based upon a trimeric protein, in which two complementary alpha- 
helical sequences, designed to form an anti-parallel, hetero-dimeric coiled-coil 
when mixed together, were appended to the N-termini of the protein through a long, 
flexible linker (Patterson et al. 2011, 2014b). The purpose of these studies was to 
explore the range of structures that could form in a system where the dihedral angle 
between the oligomerizing domains was completely unconstrained. Interestingly, 
upon mixing, the complementary trimeric building blocks assembled into a relatively 
small range of complexes, despite the unconstrained nature of the design. Analytical 
ultracentrifugation indicated that the system formed only six different complexes in 
significant concentrations, with the three major complexes having hydrodynamic 
properties consistent with the formation of protein cages with diameters appropriate 
for trigonal prism, tetrahedral or octahedral protein cages. Cryo EM analysis of the 
particles indicated that they varied in diameter in an almost continuous manner 
suggesting that their structures were extremely flexible, consistent with the design 
(Fig. 8.13).

A slightly different approach was taken by Kobayashi and coworkers, who 
attached a protein sequence comprising two helices of an antiparallel homo-dimeric 
4-helix coiled-coil domain to a trimeric building block protein through a flexible 
linker (Kobayashi et  al. 2015). In this case, because the coiled-coil was homo- 
dimeric, the proteins assembled into cages in vivo. This system also formed a mix-
ture of assemblies expected for a trimer-dimer system, with the 6-, 12-, and 

Fig. 8.12 A rigidly-linked trimer-dimer symmetry pair designed to assemble into a 24-subunit 
cube. (a) Model of the intended 24-subunit protein cube. (b) TEM of the heterogeneous mixture of 
assemblies formed. Complexes with apparent octahedral geometry are labeled with green squares, 
while smaller complexes are denoted with red triangles (Adapted with permission from Lai et al. 
2014, © Macmillan Publishing Ltd)

A. Sciore and E.N.G. Marsh



213

18-subunit assemblies able to be purified from the mixture by size exclusion 
chromatography.

Burkhard and co-workers have explored a cage-forming system that uses a pen-
tameric symmetry element. This system comprises a pentamer-forming coiled-coil 
linked to a trimer-forming coiled-coil through a two glycine spacer, with the aim of 
assembling an icosahedral complex (Fig. 8.14) (Raman et al. 2006). To align the 
two oligomerizing coils with the correct dihedral angle for icosahedral formation, a 
cysteine residue was inserted on either side of the glycine linker that when oxidized 
to a disulfide bond would act as a staple. As expressed, this symmetric protein 
assembled into nonspecific complexes with a broad range of molecular weights. A 
more homogeneous preparation could be obtained by reducing and denaturing the 
protein with urea, followed by oxidation and a slow refolding. The refolded protein 
assembled into fairly homogeneous, spherical complexes of approximately 45 sub-
units at low concentrations (< 0.3 mg/ml), and approximately 60 subunits at higher 
concentrations. Interestingly, a variant of this design that substituted the two 
cysteine residues with alanine formed no 60-subunit icosahedral complexes. 
Instead, it formed a mixture of spherical assemblies with approximately 180, 240, 
300, or 360 subunits, depending on the preparative conditions and the peptide 
sequence of the asymmetric unit (Indelicato et al. 2016; Yang et al. 2012). These 
studies clearly depict the challenge of designing well-defined assemblies with 
higher order symmetry elements.

Although structurally poorly defined, these protein assemblies were able to 
generate powerful immune responses similar to that of attenuated live viruses, and 
the intensity of this response could be modulated by changing the diameter of 
the assembled particles (Yang et al. 2012). This property was exploited to create 

Fig. 8.13 Design of an extremely flexible self-assembling protein cage. (a) Design principle: the 
homo-trimeric building block was linked to an α-helix bearing either a strong positive or negative 
charge. The combination of the two should yield a variety of symmetries. (b) TEM of smaller 
assemblies (top) and of larger assemblies (bottom) after stoichiometric mixing and size exclusion 
purification (Adapted from Patterson et  al. 2011, with permission from The Royal Society of 
Chemistry)
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functional mouse vaccines for malaria (Kaba et  al. 2009), HIV (Wahome et  al. 
2012), influenza (Babapoor et al. 2011), and toxoplasma (El Bissati et al. 2014) by 
displaying the respective viral epitope at the terminus of each subunit, which 
induced long- lasting immune responses to each of these viruses without requiring 
the addition of an adjuvant.

Advances in computational methods, in particular the program Rosetta devel-
oped by Baker and coworkers, have resulted in some impressive advances in the 
design of de novo assembled protein cages. The Rosetta program rapidly and 
robustly models different docking conformations of protein-protein interfaces, 
using a built-in scoring function that assesses the energetic stability gained from 
burying hydrophobic surface residues and creating hydrogen bonds as well as the 
destabilizing effects of steric clashes and unfavorable Coulombic interactions. 
Analysis of docked protein interfaces with Rosetta has been used to predict the 
oligomerization state and binding surface of a self-associating protein from its crys-
tal structure (André et al. 2007; Das et al. 2009). Additionally, new protein-protein 
interactions can be designed by remodeling a docked structure to add in inter- protein 
hydrogen bonds and hydrophobic interfaces (Huang et  al. 2007; Jha et  al. 2010; 
Stranges et al. 2011).

King and coworkers used Rosetta to design protein cages by symmetrically repli-
cating the structures of 271 trimeric proteins with their symmetry axes centered per-
pendicular to the faces of either a tetrahedron or an octahedron (King et al. 2012). 
These assemblies were then analyzed for steric clashes (backbone atoms within 3 Å 
of each other) and close contacts (backbone atoms within 10 Å of each other) at the 
inter-trimer surface (Fig. 8.15a) (King et al. 2012). Each trimer was then simultane-

Fig. 8.14 Design of an icosahedral protein cage. (a) A protein subunit with a pentamer-trimer 
symmetry pair assembles into a 60-subunit icosahedron when a disulfide bond is present to lock 
the dihedral angle in place, but assembles into larger structures in its absence. (b) STEM images 
of the assemblies with (top) and without (bottom) the disulfide bond present (Adapted with permis-
sion from Yang et al. 2012, and Raman et al. 2006, © Elsevier)
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ously translated 1 Å radially from the center of symmetry, until no two adjacent tri-
mers had any close contacts. Next, each trimeric protein in the symmetrical 
assembly was simultaneously rotated 0.5° about its symmetry axis and the analysis 
repeated. This was performed 240 times to sample the entire set of rotational confor-
mations. The 20 trimers that could be symmetrically docked into conformations with 
the most compact protein cages, i.e. the largest number of close contacts but without 
any steric clashes, were selected for interface redesign, and Rosetta was then used to 
design favorable interactions at the trimer-trimer interface.

35 de novo protein-protein interfaces were designed from these 20 proteins with 
an average of 9 mutations per design, of which 24 expressed as soluble proteins and 
3 oligomerized into robust, symmetrical assemblies  – one octahedral and two 

Fig. 8.15 Assembly of protein cages through de novo designed protein-protein interfaces (a) 
Outline of design strategy; for details see the text. (b, c) TEM of assembled octahedra (b) and 
tetrahedra (c) with averages of particles oriented at their respective symmetry axes (inset) (Figure 
adapted from King et al. 2012 with permission, © American Academy for the Advancement of 
Science)
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 tetrahedral. Although the success rate of this approach was low, the crystal struc-
tures of those proteins that successfully assembled found that they were in close 
agreement with computational models, representing an impressive achievement.

This approach was further extended to design protein cages in which a trimeric 
protein was docked at the faces of a tetrahedron and either a dimeric or a trimeric 
protein was docked at the edges or vertices respectively (Fig. 8.16) (King et  al. 
2014). The rotational and translational space of both proteins was sampled simulta-
neously, resulting in a hetero-protein interface that was designed and optimized. In 
this case, 57 different designed hetero-protein pairs were expressed and character-
ized experimentally. Of these, four designs were characterized crystallographically. 
These four tetrahedral protein cages, three with a trimer-trimer symmetry pair and 
one with a trimer-dimer symmetry pair, were also found to overlay very closely with 
their computationally designed structures.

The examples above illustrate both the advantages and disadvantages associated 
with flexible and rigid approaches to assembling proteins. Our laboratory has 
recently focused on using higher-order symmetry elements to design protein assem-
blies represented by tetramer-trimer (Sciore et al. 2016), and trimer-trimer (Sciore 
et al., manuscript in preparation) symmetry pairs. In particular, avoiding the dimeric 
symmetry elements used in most of the studies discussed above greatly restricts the 
potential number of geometries that a protein cage can form without explicitly need-
ing to design in a particular dihedral angle connecting the two symmetry elements. 
In these studies, we first selected a trimeric protein building block with its C-terminus 
located near the ‘vertices’ of the triangle formed from the three subunits. To assem-
ble this building block into either octahedral or tetrahedral protein cages we attached 
at the C-terminus either tetrameric or trimeric de novo designed coiled-coils. We 
then used a modified version of the sampling algorithm developed by King et al. 
(2012, 2014) discussed above to determine the approximate minimum length of a 
flexible linker needed to connect the C-terminus of the trimeric building block pro-

Fig. 8.16 Design of a tetrahedral heteroprotein cage. (a) Design strategy. Two oligomeric proteins 
were arranged at their respective symmetry axes for interface design, for details see the text. (b) 
TEM of assembled particles. Inset is averages of particles oriented at their respective axes (Adapted 
with permission from King et al. 2014, © Macmillan Publishing Ltd)
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tein with the N-terminus of the coiled-coils. The modeling indicated that the closest 
approach between the two design elements without unfavorable steric clashes was 
about 9 Å for the octahedron and 6 Å for the tetrahedron, which could in principle 
be bridged by a minimum of two to three residues.

From these computational models, we designed fusion proteins with trimer- 
trimer and trimer-tetramer symmetry pairs and a glycine-rich linker that varied 
between 2 and 8 residues in length (Fig. 8.17). In practice, a 4-residue linker proved 
optimal for the construction of an octahedral protein cage from a trimer-tetramer 
symmetry pair, whereas an 8-residue linker was required to form a tetrahedron from 
a trimer-trimer symmetry pair. Fusion proteins with fewer residues in the linker all 
assembled into a broad range of larger, spherical species. These studies demonstrate 
that cages of well-defined subunit composition and geometry can be constructed in 
a relatively simple manner that, in principle, should be highly generalizable. 
Although this “semi-flexible” approach does not produce as precisely defined or as 
rigid cages as by interface design, it requires neither sophisticated computational 
resources, nor extensive screening of many constructs to identify designs that 
assemble correctly.

Fig. 8.17 Design of a flexibly-linked protein cage. (a) Design strategy: the two oligomeric pro-
teins were aligned on their symmetry axes and the structure with the shortest inter-terminus dis-
tance was measured, for details see the text. This value was used to design the flexible linker 
length. (b, c) TEM images of the assembled octahedra (b) and tetrahedra (c)
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8.5  Conclusions

The design of new symmetry-assembled protein nanomaterials will continue to 
present both interesting challenges and opportunities in the coming years. Research 
in this area continues to accelerate and there are still many potential avenues to be 
explored. Currently, research efforts have been primarily focused on exploring the 
principles of symmetry-directed protein assembly and in particular approaches to 
correctly orient symmetry elements to achieve the desired protein geometry. These 
fundamental studies are important, as the utility of assembling proteins into larger 
structures will only become apparent after methods are developed that allow this to 
be accomplished in a reliable and routine manner.

In the meantime, there is valuable work to be done investigating whether the cur-
rent approaches to de novo designed protein assemblies can be adapted for, and 
more significantly, improve upon the range of applications that natural protein 
assemblies have been used for. For example, the design of protein cages in which 
enzymatic activity is integrated into the structure promises to be an especially inter-
esting avenue of investigation that could lead to nano-devices that incorporate mul-
tiple catalytic activities in a spatially defined manner. Such applications will benefit 
from an expanded a library of de novo designed protein cages. One could imagine 
that the synthesis of a range of precisely-sized nanoparticles from functionalized 
protein cages with different interior cavities would be highly attractive for investiga-
tions into quantum phenomena.

In summary, the future is bright for symmetrical de novo designed protein assem-
blies. As the design principles described in this chapter, first articulated just fifteen 
years ago, are refined and perfected, there will be numerous potential applications 
for these new biological devices in nano-technology and medicine.
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